JUNOD, A. F., H. PETERSEN, AND L. JORNOT. Thymidine kinase, thymidylate synthase, and endothelial cell growth under hyperoxia. J. Appl. Physiol. 62(l): 10-14, 1987.-To determine the respective role of thymidine kinase and thymidylate synthase activities in the hyperoxia-induced decrease in DNA synthesis and their relationship with cell replication, we measured these two enzyme activities in primary cultures of porcine aortic endothelial cells under different O2 concentrations for various durations. In confluent cells, exposure to 95% O2 for 5 days reduced thymidine kinase activity to 15% of control values; thymidylate synthase activity was unaffected. In preconfluent cells exposed to 95% 0, for 2 days, similar results were obtained, together with evidence for arrest in cell proliferation.
Thymidylate synthase activity could therefore not be related to decreased cell proliferation under hyperoxia.
[3H] thymidine incorporation into DNA, thymidine kinase activity, and cell proliferation were all similarly affected under exposure to graded 0, concentration for 2 days. Thymidine kinase appears to be a key enzyme in the modulation of DNA synthesis from thymidine and in its replication in endothelial cells. deoxyribonucleic acid synthesis; oxygen toxicity; thymidine monophosphate; deoxyuridine monophosphate IN OUR PREVIOUS STUDIES on the toxic effects of high OZ concentrations on cultured confluent aortic endothelial cells (6, lo), we observed that the inhibition of [3H] -thymidine incorporation into DNA was an early and sensitive index of 02 toxicity. Subsequent studies indicated that this decrease in DNA synthesis from [3H]-thymidine was associated with a marked inhibition of thymidine kinase activity (3). Thymidine kinase is involved in the phosphorylation of the thymidine taken up by cells with the formation of thymidine monophosphate. The effects of high O2 concentration on other steps in DNA synthesis from thymidine were studied. The incorporation of thymidine triphosphate into DNA of permeabilized endothelial cells was not found to be sensitive to exposure to 95% Oa, whereas hyperoxia affected DNA polymerase activities in a differential fashion, with a slight reduction of the alpha form and an increase of the beta form (3). All these results suggested that thymidine kinase inhibition could explain the effect of hyperoxia on DNA synthesis. But the question of the relationship between thymidine kinase inhibition and endothelial cell proliferation could not be answered, all these experiments being done with confluent cells. Furthermore, inhibition of DNA synthesis from thymidine (the salvage pathway) is not necessarily associated with impaired DNA replication, since it is well established that thymidine monophosphate can also be formed de novo from deoxyuridine monophosphate under the action of thymidylate synthase in the presence of tetrahydrofolic acid. To clarify the relationship between endothelial cell proliferation, thymidine kinase and thymidylate synthase activities and the effects of exposure to hyperoxia, we undertook a series of studies done on the preconfluent endothelial cells under various O2 concentrations for various durations. The results indicate that growing endothelial cells stopped proliferating during hyperoxic exposure and that the pattern of cell growth inhibition followed closely the decrease in thymidine kinase activity. Thymidylate synthase activity, on the other hand, was insensitive to the effect of high O2 concentrations. Therefore, thymidine kinase appears to be a key enzyme in the control of endothelial cell growth during hyperoxic exposure.
MATERIALS AND METHODS
Materiak. The chemicals were of analytical grade and were generally purchased from Fluka AG (Buchs, Switzerland) and Merck (Darmstadt, FRG) . Wcarbobenzoxy-Phe-His-Leu used for the measurement of angiotensin-converting enzyme (ACE) (4) activity was obtained from Serva (Heidelberg, FRG Ryan et al. (11) . Cells were cultured in 2 ml RPMI-1640 medium containing 25 mM NaHC03 and 25 mM N-2-hydroxymethylpiperazine-N'-2-ethanesulfonic acid neutralized to pH 7.4. The culture medium was supplemented with 10% fetal bovine serum (Seromed, Munich, FRG) throughout the culture time. Penicillin G (50 U) and 50 pg streptomycin were added per milliliter medium. Freshly prepared amphotericin B (Fungizone, Squibb, Princeton, NJ) was added during the first 48 h of culture to a final concentration of 1 pg/ml. Endothelial cells were cultured in 35-mm Petri dishes (Falcon, Oxnard) coated with 0.1% gelatin (Difco, Detroit, MI) (5). They were kept at 37°C in a 5% CO, atmosphere. Endothelial cells were identified on the basis of their typical Experimental procedure.
All the experiments were done on primary cultures but at different degrees of confluency depending on the protocol used.
For the measurement of the comparative sensitivity of thymidine kinase and thymidylate synthase to high 02 concentrations, cells were placed in a humidified chamber set at 37°C and gassed with different gas mixtures. The O2 concentrations ranged between 21 and 95%, whereas the COZ concentration remained fixed at 5%. 02 concentration was always checked at the beginning and end of the 48-h exposure period with an OM-11 O2 analyzer (Beckman, Palo Alto, CA). At the end of the exposure period, the cells were scraped from the dish with a rubber policeman and were processed as follows.
Statistical
analysis. Nonparametric tests for paired samples were used, first a two-way analysis of variance, according to Friedman, followed by the Wilcoxon test.
RESULTS
For the assessment of thymidine kinase activity cells were scraped in 200 ~1 of 20 mM tris(hydroxymethyl)-methylamine (Tris) buffer (pH 8) containing 0.1 M KCl, 1.5 mM MgCl,, and 0.5% Triton X-100. The suspension was then sonicated for 10 s at 4°C. A modification (7) of the method described by Bello (2) was used for the enzyme assay. The sonicate (100 ~1) was added to an equal volume of reaction buffer. This reaction buffer was made of 10 ml Tris HCl buffer (pH 8) containing 5 mM MgC12, 10 mM adenosine triphosphate, 2 X 10m5 M thymidine, and 1 &i [3H]thymidine. The incubation time was 60 min and the reaction was stopped by 3-min treatment at 90°C. Then 700 ~195% ethanol was added at 4°C and the sample was kept at -20°C for 60 min to be subsequently centrifuged for 10 min at 4,000 g at 4°C. An aliquot of the supernatant was spotted on a PEI cellulose sheet, using 0.3 M (NH&SO* and 0.05 M LiCl (IA, vol/vol) as solvent. The areas corresponding to thymidine and thymidine monophosphate were scraped into scintillation vials. Then 1 ml LiCl was added, followed by 6 ml Aquassure, and the radioactivity content counted on a Beckman scintillation spectrometer.
For both confluent and preconfluent cells, a 2day exposure to 95% O2 did not result in a noticeable change in endothelial cell morphology, nor in cell detachment. The &day exposure to 95% O2 in preconfluent cells was accompanied by a tendency toward a more elongated shape of the cells, but, again, no evidence for cell detachment was seen. To determine the relative sensitivity of thymidine kinase and thymidylate synthase to the effects of 95% 02, we first exposed confluent endothelial cells to a 5% C02-95% 0, atmosphere for various durations. Figure 1 shows that, unlike thymidine kinase, whose activity was markedly reduced under hyperoxia, thymidylate synthase activity was not influenced by the exposure to 95% OZ.
In the next series of experiments we studied the relationship between thymidine kinase and thymidylate synthase activities and cell proliferation.
We used endothelial cells at approximately 50% confluency as judged from microscopic examination and exposed them to 95% O2 for 2 days. Figure 2 indicates that, under control conditions, thymidine kinase activity expressed per milligram protein decreased by 55% and cell number increased by 232%, wheres thymidylate synthase activity did not change. Under hyperoxic conditions, cell proliferation was virtually arrested (increase by 26% only) at the same time as thymidine kinase activity decreased to 15% of the control value, whereas, again, thymidylate synthase activity remained unaffected (increase by 33 %, P > 0.05).
For the determination of thymidylate synthase activity the method described by Armstrong and Diaso (1) was used. Cells were scraped in 250-~1 0.25-M potassium phosphate buffer (pH 7) and the suspension sonicated for 2 s at 4°C. Potassium phosphate (0.25 M, pH 6.8), 15 ~1 50 mM NaF, and 50 ~14 mM 5,10-methylenetetrahydrofolate were added to a loo-p1 aliquot of the sonicate. The latter was prepared by dissolving 50 mg (+)l-tetrahydrofolate and 87.5 mg NaHC03 in 20.4 ml of water, 365 ~1 P-mercaptoethanol (1.1168 mg/ml), and 120 ~1 HCHO. The reaction was started with the addition of 50 ,ul 10m3 M C3H]deoxyuridine monophosphate (10 &i/ mmol) and carried out for 30 min at 30°C. Sixty minutes later, the reaction was stopped with 100 ,~l 6.5 N HCl at 4OC. Then, 200 ~1 charcoal slurry was added. The samples were mixed with a Vortex, then centrifuged for 10 min at 4,000 rpm at 4°C. An aliquot of the supernatant was used for the measurement of the 3H released as water. In some experiments, [3H] thymidine incorporation into DNA was measured as already described (6).
Cell number was determined in quadruplicate using a hemocytometer.
A 0.1% trypsin solution was used to detach the cells from the Petri dish.
Protein determination of the sonicate was carried out To study the closeness of the relationship between cell proliferation,
[3H] thymidine incorporation into DNA and thymidine kinase incorporation, we then exposed cultured endothelial cells at 30% confluency to various O2 concentrations for 2 days and measured the changes affecting these variables. Figure 3 shows that, although these variables were all affected by O2 exposure in a dosedependent fashion, thymidine kinase appeared to be more sensitive than the others to the action of 40-60% 02: the decrease in thymidine kinase activity was 52 and 66%, respectively, compared with 5 and 16% for C3H]-thymidine incorporation into DNA or 21 and 26% for the change in cell number.
Finally, to obtain another evidence for the relationship between the same variables, we exposed cultured endothelial cells to a sequence of periods of exposure to 21 or 95% O2 and followed the changes affecting cell number, thymidine kinase activity and ["H] thymidine incorporation into DNA (Fig. 4) . Culture under 21% O2 resulted in the expected increase in cell number, although it tended to plateau by the end of the experimental period. Both thymidine kinase activity and DNA synthesis from [3H] thymidine decreased progressively. When exposed continuously to 95% 02, endothelial cell proliferation On the other hand, when endothelial cells were reexposed to control conditions for 2 days after an initial exposure to 95% O2 for 48 h, cell proliferation increased slightly but significantly. This increase was associated with a significant increase in both thymidine kinase activity and DNA synthesis from thymidine.
DISCUSSION
From previous experiments carried out in our laboratory we had already obtained strong evidence that the hyperoxia induced inhibition of DNA synthesis from thymidine was associated with a parallel reduction in thymidine kinase activity. However, no direct demonstration that thymidine incorporation into DNA was a true index of cell replication was-provided. The observed decrease in DNA content in the dishes exposed to 95% O2 was consistent with a decreased cell number, which could be explained by a cytotoxic effect and/or the inhibition of the replicative process (6). But the possibility remained that DNA synthesis could still proceed de novo from the endogenously formed thymidine monophosphate. The determination of the activity of the enzyme thymidylate synthase, which catalyzes the formation of thymidine monophosphate from deoxyuridine monophosphate in the presence of 5,10-methylenetetrahydrofolate, was therefore considered to be crucial for a better understanding of the O2 effect on DNA replication. intracellular phosphorylation are not absolute requirements for DNA replication in certain cell populations when the rate of formation of thymidine monophosphate from deoxyuridine monophosphate is adequate. The exogenous thymidine becomes a key factor in DNA synthesis only in the absence of folic acid or vitamin B12 (13) or in the presence of folic acid inhibitors or pyrimidine analogues.
Our present experiments clearly indicate that thymidylate synthase activity was not affected by exposure to 95% 0, for up to 5 days. The stability of thymidylate synthase activity in a condition associated with a decrease in DNA content made unlikely that this enzyme system was the only one involved in the inhibition of DNA replication. The demonstration that thym idylate synthase activity and decrease in the rate of cell proliferation were unrelated required the use of preconfluent cells, with the determination of both enzyme activities and cell number under hyperoxia. It then became clear that thymidylate synthase activity could not be involved in the inhibitory effect of hyperoxia on cell proliferation. On the other hand, the arrest in cell growth could accounted for by the marked decrease in thymidine be . kinase activity.
This assumption received strong support from the similarity in response of thymidine incorporation into DNA, thymidine kinase activity and cell proliferation to various O2 concentrations. Thymidine kinase appears, however, to be more sensitive to the action of 40% O2 than DNA synthesis from thymidine or cell proliferation. This particular vulnerability to a rather low O2 concentration may be related to the preconfluent stage of the cell preparation used. Previous experiments done with postconfluent cells have indicated that most of the toxic effect on this enzyme was seen with O2 concentrations superior to 60% (3).
That the changes in thymidine incorporation into DNA could not be exactly correlated with the changes in thymidine kinase activity under various OZ concentrations may be explained by differences in the mode of measurement. Thymidine incorporation into DNA is determined in living cells, whereas thymidine kinase activity is assayed in vitro with a cell extract supplemented with various compounds. Furthermore, although our previous study (3) indicated that decreased thymidine kinase activity could account for the reduction of DNA synthesis from thymidine under hyperoxia, we cannot rule out an additional 02-related effect on thymidine incorporation into DNA. It follows that changes in thymidine kinase activity in vitro may therefore not be closely related to alterations in the rate of DNA synthesis from thymidine in vivo. On the other hand, the changes affecting the same three indexes during a recovery period following an initial Z&day exposure to 95% O2 all went in the same direction. This suggests the existence of a correlation between them, in terms n .ot only of inhibition, but also of stimulation of cell growth. The fact that the increase in cell number lagged somewhat behind the changes in thymidine incorporation into DNA or thymidine kinase activity can be the result of different time courses, cell proliferation being a much more complex process than the two other parameters.
In spite of the slight divergences already discussed, these experimental data strongly suggest that the rate of proliferation of cultured endothelial cells, when exposed to or recovering from hyperoxia, is closely related to the activity of thymidine kinase. This enzyme appears therefore to be, if not the only, at least a key factor in the control of cell growth. The spontaneous changes in thymidine kinase activity from the preconfluent to the postconfluent state (2) also illustrate the closeness of the association between the activity of this enzyme, even when measured in vitro, and endothelial cell growth. It is tempting to postulate that the special sensitivity of endothelial cells to the toxic effect of 0, could result from this exclusive role of thymidine kinase and from the marked sensitivity of this enzyme to the action of hyperoxia and O2 intermediates (7). The relative importance of thymidylate synthase and thymidine kinase may be an important determinant in the sensitivity of different cell populations to hyperoxia, at least as far as DNA
